Cysteine residues on proteins serve diverse functional roles in catalysis and regulation and are susceptible to numerous posttranslational modifications. Methods to monitor the reactivity of cysteines within the context of a complex proteome have facilitated the identification and functional characterization of cysteine residues on disparate proteins. Here, we describe the use of a cysteine-reactive iodoacetamide probe coupled to isotopically labeled, cleavable linkers to identify and quantify cysteine-reactivity changes from two biological samples.
Introduction
Cysteine, one of the least abundant amino acids found in many organisms, is unique due to its intrinsically high nucleophilicity and sensitivity to oxidative modifications. These physicochemical properties enable cysteine to play critical roles in nucleophilic and redox catalysis, allosteric regulation, metal binding, and structural stabilization [1, 2] . Additionally, these functional cysteine residues are susceptible to a variety of posttranslational modifications (PTMs), including nitrosation, oxidation, palmitoylation, prenylation, and Michael additions to oxidized lipids [3] [4] [5] [6] [7] . The endogenous functions of a wide array of proteins (e.g., caspases, GAPDH, EGFR) [8] [9] [10] are known to be modulated through these oxidative and lipid-derived cysteine PTMs. To better understand the ubiquity of cysteine PTMs and unearth novel regulatory functions for cysteines, proteomic methods to monitor changes in cysteine reactivity are essential.
Several proteomic methods exist for specifically monitoring each of the cysteine PTMs mentioned above, including selective probes for sulfenic acids [11] , the biotin-switch technique [12] , and bioorthogonal lipid reporters [13] . Other more general techniques that quantitatively reports on global changes of cysteine reactivity are able to report on any PTM that alters the nucleophilicity of the cysteine thiol. One such technology, termed isoTOP-ABPP, applies chemical probes and quantitative mass spectrometry (MS) to identify and quantify the relative abundance of hundreds of reactive cysteines within a proteome [14] . An iodoacetamidealkyne (IA) probe (Fig. 1a) is used to covalently tag reactive cysteines within a proteome, and these probe-labeled proteins are then enriched and analyzed by quantitative MS with the aid of an isotopically labeled, cleavable linker that is incorporated through copper-catalyzed azide-alkyne cycloaddition (CuAAC) [15] . This method has been successfully applied to rank cysteine residues in the human proteome by reactivity with an iodoacetamide electrophile [14] , to identify bacterial proteins sensitive to peroxidemediated oxidation [16] and to reveal cysteine residues susceptible to Michael addition reactions with lipid-derived electrophiles [17] . We recently reported a variation of the isoTOP-ABPP platform that utilizes chemically cleavable azobenzene (Azo) linkers (Fig. 1b) in place of the tobacco etch virus (TEV) proteasecleavable linkers in the original report [18] . The Azo linkers incorporate either light (Azo-L) or heavy (Azo-H) stable-isotope signatures that enable comparative and quantitative profiling by mass spectrometry. We have successfully applied the Azo platform to monitor cysteine-reactivity changes within a complex proteome 
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Step 8: Peptide identification [18], and identify cysteine residues that are regulated through Zn 2+ binding [19] . Here, we provide the detailed protocol for applying this Azo platform to quantitatively monitor changes in cysteine reactivity in two biological samples. The Azo platform (Fig. 1c) begins with labeling of two proteome samples (e.g., healthy and diseased mouse liver proteomes) with the IA probe (Step 1). Probe-labeled proteins are then conjugated to either Azo-L or Azo-H linkers using CuAAC (Step 2). The resulting proteomes are then mixed together (Step 3) and subjected to enrichment on streptavidin agarose beads (Step 4), on-bead trypsin digestion (Step 5) and chemical cleavage of the azobenzene linker with sodium hydrosulfite (Step 6). The resulting isotopically labeled peptides are analyzed by multidimensional protein identification technology (MudPIT) [20] on a highresolution Orbitrap Mass Spectrometer (Thermo Scientific) (Step 7). Peptide identifications are obtained for every IA-labeled peptide using SEQUEST (Step 8) [21] , and quantification of the relative abundance of each peptide in the two biological samples is achieved using CIMAGE [14] to generate a light-heavy ratio (R) (Step 9). In a typical experiment, approximately 1000 cysteines can be identified from a mammalian proteome and changes in the reactivity of these cysteines induced by a particular oxidative or electrophilic stress can be concurrently monitored. 2. Dilute Proteomes A and B to 2 mg/mL solutions in PBS (see Note 4). Add 500 μL of Proteomes A and B to each of two 1.5 mL Eppendorf tubes (4 tubes total). Add 5 μL of 10 mM IA probe solution to each 500 μL sample to achieve a final concentration of 100 μM. After addition of the probe, vortex and incubate the reaction at room temperature (RT) for 1 h.
3. Add 10 μL of 5 mM Azo-L (Proteome A) and Azo-H (Proteome B) stocks, 10 μL of fresh 50 mM TCEP solution (see Note 2), 30 μL of 1.7 mM "ligand" solution and 10 μL of 50 mM copper (II) sulfate to each tube and vortex. Incubate the reaction at RT for 1 h with vortexing every 15 min.
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At this stage, the proteins will start to precipitate and the solution will turn cloudy.
4. After the one-hour incubation, combine the tubes pairwise (one Azo-L sample is combined with one Azo-H sample), and centrifuge for 4 min at 6500 × g at 4 °C. Remove the supernatant, add 500 μL cold methanol to each tube and sonicate for several seconds until the pellet is completely solubilized. Combine tubes pairwise again and centrifuge for 4 min at 6500 × g. Repeat methanol wash one more time (see Note 5).
1. Add 1 mL 1.2 % SDS/PBS to the final pellet, sonicate for several seconds until the solution turns clear and heat to 80-90 °C for 5 min. Transfer the 1 mL sample to a 15 mL conical tube containing 5 mL PBS. The final concentration of SDS in the sample is 0.2 %.
2. Aliquot ~100 μL of the streptavidin agarose beads into an Eppendorf tube and wash three times with 1 mL PBS. Transfer the washed beads to the conical tube containing the proteome sample and incubate at 4 °C overnight with constant rotation.
1. After the overnight 4 °C incubation, warm the sample by rotating at RT over 1-2 h. Centrifuge at 1400 × g for 3 min and remove the supernatant. Wash the beads with 5 mL of 0.2 % SDS/PBS, rotate for 10 min, spin at 1400 × g for 3 min and remove the supernatant.
2. Wash the beads with 5 mL PBS, gently shaking for several seconds to resuspend the beads, centrifuge at 1400 × g for 3 min, and follow by removal of the supernatant. Repeat the PBS wash two more times.
3. Wash the beads with 5 mL water three times as described in step 2 (see Note 6). 1. After overnight incubation, transfer the supernatant and beads to a Bio-Spin column and separate the beads by centrifugation at 1000 × g for 2 min. Wash the beads with 500 μL PBS 3 times and
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500 μL water three times. Transfer the beads to a screw-capped Eppendorf tube using water, spin down the beads and remove the supernatant.
2. Add 75 μL 50 mM freshly made sodium hydrosulfite solution to the beads, rotate for 1 h at RT, centrifuge at 1400 × g for 3 min and collect the supernatant (see Note 9).
3. Repeat step 2 two more times (see Note 10).
4.
Wash beads with 100 μL of water and combine the wash with collected supernatant from steps 2 and 3. The final sample volume should be around 325 μL.
5. Add 17.5 μL of formic acid and store the sample at −20 °C until mass-spectrometry analysis.
1. Cut ~45 cm of the 100 μm fused-silica capillary tubing, burn off ~3 cm of the polyimide coating in the middle and wipe the burnt coating with methanol to expose the underlying silica. Generate two 5 μm tips using a laser puller to afford the columns for MS analysis. Pack each column with 10 cm of Aqua C18 reverse-phase resin and 3 cm of strong cation exchange (SCX) resin.
2. Cut 12 cm of the 250 μm fused-silica capillary tubing and generate a desalting column by connecting the tubing with an inline microfilter assembly. Pack the desalting column with 4 cm of Aqua C18 reverse phase resin.
3. Equilibrate the tip and the desalting column from steps 1 and 2 on an Agilent 1100 series HPLC using a gradient of 40 % Buffer A; 60 % Buffer B to 100 % Buffer A; 0 % Buffer B over 30 min. Flow rate is set at 0.1 mL/min and a tee splitter is used to reduce the flow rate to 300-400 nL/min.
4. Thaw the MS sample and pressure load onto the equilibrated desalting column. Combine the loaded desalting column with the equilibrated tip and align onto a nanospray stage attached to an Orbitrap XL mass spectrometer (Thermo Scientific).
5. Elute the peptides using five steps ( Table 1 ). The flow rate through the column is set to ~0.25 μL/min and the spray voltage is set to 2.75 kV. One full MS scan (FTMS) (400-1800 MW) was followed by eight data dependent scans (ITMS) of the nth most intense ions with dynamic exclusion enabled (repeat count = 1; exclusion list size = 300; exclusion duration = 30s).
1. The tandem MS data is searched against a protein sequence database using the SEQUEST algorithm for peptide identification [21] .
2. A static modification of +57.02146 on cysteine is specified to account for iodoacetamide alkylation and differential Table 1 Solvent systems utilized for MudPIT analysis
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Data Analysis
Step Step 3 modifications of +456.2849 (Azo-L modification) and +462.2987 (Azo-H modification) are specified on cysteine to account for probe modifications.
3. SEQUEST output files are filtered using DTASelect 2.0., where reported peptides are required to be fully tryptic and contain the desired probe modification. Discriminant analyses are performed to achieve a peptide false-positive rate below 5 %.
4. Quantification of light/heavy (Azo-L/Azo-H) ratios (R) is performed using the CIMAGE quantification package as previously described [14] .
Notes
1. The IA probe is made in-house [14] .
2. TCEP should be stored at 4 °C and the solution made fresh immediately prior to the CuAAC step.
3. Azo-L / Azo-H tags are made in-house [18] .
4. When comparing cysteine reactivity in two different proteomes, ensure that the two proteome samples are accurately normalized in terms of total protein concentrations.
5. This step should be performed at 4 °C or on ice and the methanol should be prechilled at −20 °C.
6. In the last water wash, carefully remove the supernatant using a pipette. The beads should appear faintly yellow tinted at this stage due to enrichment of the Azo-tagged proteins.
7. All reagents used in this step should be made fresh. Avoid vortexing and flip the tube gently instead to resuspend the beads.
8. Dilute the freshly made 6 M urea/PBS to 2 M urea/PBS using PBS. The trypsin solution should be made directly before addition to the sample and is good for reuse within a week if stored at 4 °C.
9. 50 mM sodium hydrosulfite solution should be made fresh with PBS. Using water instead of PBS slightly reduces the cleavage efficiency.
10. After incubating with sodium hydrosulfite solution, the beads should turn white as an indication of successful cleavage of the azobenzene linker.
Results
To demonstrate the quantitative accuracy of the Azo platform, Azo-L and Azo-H tagged mouse liver proteomes were mixed in predetermined light-heavy ratios of 5:1, 2:1, 1:1, 1:2, and 1:5.
These five samples were subject to enrichment and MS analysis according to the protocol described above. For each cysteine that is labeled by the IA probe, a light-heavy ratio was calculated in each of the five runs. Representative chromatography traces for one labeled peptide (K.AYDATC*LVK.A (where C* represents the cysteine modified by the IA probe) from S − formylglutathione hydrolase (ESD)) is shown in Fig. 2 . The co-elution of the light and heavy species, the high signal-to-noise, and the characteristic isotopic peak pattern demonstrate that our methods represent an accurate platform for relative quantification of cysteine reactivity changes from two or more proteomes.
Discussion
The field of activity-based protein profiling applies active-site directed chemical probes to inform on the activity of a specific protein family. Here, we present a related technology in the area of "reactivity-based" profiling, where instead of grouping proteins by functional class; we globally profile the reactivity of a particular amino acid. We focus on cysteine due to the abundance of this amino acid in functional loci; as sites of nucleophilic and redox catalysis, metal binding and regulation. The reactivity state of these functional cysteines directly informs on protein activity, and thereby enables the concurrent profiling of hundreds of proteins from diverse functional classes. Due to the susceptibility of cysteine to a variety of oxidative and lipid-based posttranslational modifications, analyzing the abundance of proteins containing functional cysteines does not often correlate with activity state. For this reason, we describe a chemical proteomic platform that is able to report on changes in cysteine reactivity as a means of identifying cysteinemediated protein activity changes in two or more biological samples. This method couples the use of a general cysteine-reactive probe to a quantitative mass-spectrometry platform that utilizes an azobenzene cleavable linker for enrichment, selective release and quantification of probe-labeled peptides. Methods such as this, that globally quantify cysteine reactivity changes, can inform on targets of oxidative stress and the consequent protein-activity changes within a biological system.
Introduction
Bioreactive natural products have proven to be versatile activitybased probes [1] [2] [3] [4] [5] . For example, the epoxysuccinyl peptides commonly used to profile cysteine proteases and known as one of the first ABPs introduced to ABPP are derived from the natural product E64 [6, 7] . By now, many other natural product-derived ABPs have already been developed, such as probes for profiling the proteasome which have been derived from the natural products epoxomicin or syringolin [8] [9] [10] or PI3 kinase probes from wortmannin.
[11] From a practical point-of-view, natural product-derived activity-based probes, i.e., bioreactive natural products that (1) covalently bind to the active site of enzymes, thus displaying activity-dependent labeling and (2) have been synthetically modified with a suitable reporter tag, can be used in a similar fashion as rationally designed probes. The advantage of bioreactive natural products over "classical" probes (derived for example from irreversible mechanistic enzyme inhibitors) is that their complex chemical structures often result in potent and more-or-less enzyme
